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Abstract
Wood is an anisotropic and inhomogeneous material in regards to its physical and mechanical properties.
Furthermore, it is hygroscopic in nature, seeking to achieve equilibrium moisture content with the surround-
ing environment. The resulting change in moisture content of wood (below the FSP) impacts several of its
properties, most notably the volume, stiffness and strength. The relationship of moisture content history and
mechanical loading in wooden structures is a fundamental topic in regards to both serviceability and safety
throughout its service life.
This research aimed at developing a two dimensional transverse moisture transport model for wood to use in
conjunction with a previously developed mechanical model for moisture related strains.
Firstly some wood specific topics relevant to the research are discussed and outlined.
Secondly a two dimensional transverse moisture transport model is developed. Use is made of Fick´s
second law of diffusion to govern moisture transport and a temperature and moisture sensitive model to
describe the transverse diffusion coefficients in wood. They where implemented in MATLABr using a
transient non-linear FEM formulation. The diffusion model is compared to an analytical solution and both
the diffusion coefficient and moisture transport model are verified experimentally.
Lastly the moisture transport model is incorporated into a mechanical FEM model for moisture related
stresses and strains that takes into account the elastic, free-shrinkage, mechano-sorptive and creep defor-
mations. An experimental setup was designed and used to test the deformation behaviour of the combined
model for both stable and variable environmental conditions under constant loading. The combined models
are used to study the long term effects of moisture on a bridge truss structure project of Statens Vegvesen in
Norway.
The research shows that the long term effects of moisture content variation in wooden structures should be
dealt with by advanced numerical methods with the environmental time history as a seprate load case. This
is especially relevant in relation to long term deformations.
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CHAPTER 1
Introduction
Wood has been used as a structural material for thousands of years. Its abundance across the globe, combined
with its low mass, relatively high strength and good workability, all contribute to its popularity as a structural
material. Wood is naturally suited to sustain combined flexural and axial action since trees as a species have
evolved to grow ever higher and withstand strong winds through the process of natural selection. In addition,
increased focus on sustainability has sparked new interest in the use of wood in bigger and more complex
projects. There is an ever growing need for advanced structural analysis of wood as a structural material.
Wood is hygroscopic, meaning that it seeks to establish equilibrium in its moisture content (MC) with the
surrounding environment. The MC level where equilibrium is reached is termed the Equilibrium Moisture
Content (EMC) which varies with the relative humidity and temperature of the air surrounding the wood.
The properties of wood, both physical and mechanical, are influenced by the MC and many of the challenges
encountered with using wood as a structural material arise from this relation.
Much work has been dedicated to the various subjects specifically related to wood as a structural material in
the last decades. The inherent complexity and inhomogeneity of wood poses difficulties to the advancement
of the topic and in many cases advanced numerical models are needed to model processes, as simple means
of calculations can not encompass the problem at hand.
Several studies and models aimed at simulating moisture induced deformations of wooden structures have
been made in recent years. One of the first of those is the work of Ormarsson [15] who proposed a model for
this problem, taking into account elastic, free-shrinkage, mechano-sorptive and creep deformation. For the
mechanical part this research is based on that work and use is made of a 2D beam implementation of that
model from a previous project [20].
Moisture transport, specifically, has also been studied in recent years with good success, for example [13],
[9]. This previous research suggest that using a total moisture transport model, governed by Fick´s law, can
yield good results for application under the Fiber Saturation Point (FSP). This is the range of MC that a
wooden structure will experience throughout its service life and is therefore of most interest from a structural
point of view. In addition this is the MC range where virtually all moisture induced mechanical deformations
take place.
The main aim of this study is to research and implement a 2D moisture transport model for application under
the FSP. That model is then combined with the previous mechanical 2D beam model to calculate complete
deformation time histories of structures with regards to environmental conditions over its service life. This
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combined model will be referred to as "WoodFEM" in this thesis for ease of reading.
To the authors knowledge, the combination of a transient moisture transport model with a mechanical
moisture induced deformation model, has not been attempted before.
Outline
Chapter 2 is dedicated to wood specific topics and properties relevant to the research. The structure of wood
is briefly explained and moisture specific properties are outlined.
In Chapter 3 a two dimensional transverse moisture transport model is developed using Fick´s law. A MC
and temperature sensitive transverse diffusion coefficient model is described. The FEM formulation and
MATLAB r implementation is outlined. The implementation is then compared to analytical results and
experimentally verified.
In Chapter 4 the moisture transport model is incorporated into a mechanical FEM model for moisture
induced stresses and strains. The theory and implementation is briefly touched upon. Focus is made on
experimentally verifying the implementation by a custom designed four point flexural test inside a climate
chamber. Finally it is applied to a real life bridge truss structure to study its effects.
CHAPTER 2
Wood
2.1 Introduction
This chapter is dedicated to wood specific topics and properties relevant to the research. The structure of
wood is briefly explained and moisture specific properties are outlined.
Figure 2.1: A tree and its usage through various beam sizes
2.2 Wood structure
Trees are a living organism which is the result of millions of years of evolution. Through natural selection
trees have adapted to the environment they live in to literally make them stand out above the others to catch
the sunlight. Trees are complex structures and thousands of species exist that all have three common goals.
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"Conduction of water from the roots to the leaves, mechanical support of the plant body, and storage of
biochemicals" [4].
It is this evolution of mechanical support that makes wood an efficient structural material. Trees have adapted
to handle wind loads from all directions, therefore they have a circular trunk. The trunk is built up through
the course of time, one layer at a time from pith to bark (figure 2.2). The outer layer, called the Sapwood, is
the "living" wood that conducts water from the roots to the leaves/pines and stores nutrients. The Heartwood
forms the inner part of the trunk and serves as storage for extractives. These layers are made in the form
of cells that are produced in the Cambium. In most trees there is an annual distinction between the cell
structure as earlywood and latewood is formed in cycles dictated by the climate they grow in. For that reason
a cross section of a tree has distinguishable growth rings as latewood and earlywood differ in appearance
and structure.
Figure 2.2: Tree trunk structure [10]
The cells of a tree, seen in figure 2.3, are comprised of the cell wall and the void in its middle known as
the lumen. The cell walls and their construction is what gives wood the majority of its properties whereas
the lumen account for most of the transport of moisture through wood. The cell walls consist of the middle
lamella, the primary wall and the secondary wall. They are made up of cellulose microfibrils, hemicelluloses
and a encrusting material (pectin and lignin). The secondary wall has 3 distinct layers with varying thickness
and angle of construction (microfibril angle).
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Figure 2.3: Cell structure [4]
Wood orthotropy
The formation of cells, mainly up and down the trunk but also radially from pith to bark makes up the three
directions of wood as a material. The longitudinal, radial and tangential (figure 2.4). Through these material
directions, wood has three mutually perpendicular axis and is known as being an orthotropic material. Many
physical and mechanical properties of wood differ greatly between the 3 material directions.
Figure 2.4: orthotropic material directions of a wood board
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2.3 Material properties related to moisture content
2.3.1 Moisture in wood
Moisture content
The moisture content (MC) of wood influences many of its physical and mechanical properties. MC is
defined as the percentage of the mass of water in a wood specimen in regards to its ovendry mass. This can
be calculated by equation 2.1.
MC = mw −m0
m0
(2.1)
Green wood
When a tree is still alive and transporting water from the ground to its leaves it has a very high moisture
content, ranging from 30 % to 200 %, which varies between species. A wood that has been freshly cut down
is termed as "green wood" where the cell walls are completely saturated with water and additional water
resides within the lumina as well. In green softwoods, the moisture content of its sapwood is usually greater
then in the heartwood. [4]
FSP and bound/free water
Moisture content within a tree falls into three different phases. Where each phase has a unique effect on
the physical properties of the wood. The three stages that water can exist and be transported within wood
are[13]:
• Free water: liquid water (capillary water) stored in cell lumina and cavities.
• Bound water: liquid water chemically bound by intermolecular attraction within the cell wall.
• Water vapour: water in gas form, mainly in the cell lumina and cavities.
The point in which the cell walls are completely saturated with water but have no free water within the cell
lumina is called the fiber saturation point (FSP) and is generally around 30 % MC. It is considered that as
wood experiences moisture content chance (MCC) above the FSP, it will have little to no effect on its physical
(excluding density) and mechanical properties. MCC below the FSP is a different story. As the amount
of bound water changes in the cell walls, it effects (among others), the free shrinkage, mechano-sorption,
modulus of elasticity and diffusion coefficients. The three forms of water are depicted in figure 2.5 along
with their association with free shrinkage.
Conceptually the FSP marks a fixed turning point in how water is transported within a wood specimen.
However, in reality, a more gradual transition occurs between these phases of transport and they may vary
within different parts of the same wood specimen.
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Figure 2.5: Different forms of moisture storage within wood and their relation to free shrinkage [14]
2.3.2 Free shrinkage
Free shrinkage is the swelling and shrinkage of wood with moisture content change (MCC). A wood speci-
men grows larger (swells up) as it gains moisture (adsorption) and decreases in size (shrinks down) as it
loses moisture (desorption). The phenomena is associated with MCC of the bound water in the microfibrils
and happens therefore only below the FSP (see figure 2.5).
Table 2.1: Common free shrinkage strain coefficients [21]
Material Direction Shrinkage strain per % MCC
Longitudinal 0.001
Radial 0.015
Tangential 0.030
Wood is usually considered as being orthotropic as far as free shrinkage goes and the shrinkage strains vary
significantly from one another as can be seen in table 2.1. The longitudinal free shrinkage is by far the
smallest compared to the two transverse direction and amongst them the tangential shrinkage is twice as
large as the radial shrinkage. It should be noted that even though longitudinal shrinkage is so small, it can be
important to account for as timber beams are usually slender structures with longitudinal dimensions far
larger than transverse ones. Also the presence of juvenile and/or compression wood can have longitudinal
free shrinkage up to 100 times greater than in normal wood [21]. The longitudinal shrinkage coefficient can
also vary considerably in the cross section of a tree from pith to bark. This can produce bending deformations
(bow) in wooden boards subjected to MCC [15].
The difference in free shrinkage can result in geometric distortions of wood, mainly in the cross section,
making it difficult to use. These distortions depend largely on the transverse material directions of the wood
specimen in question as well as the spiral grain angle in relation to twist deformations.
Due to considerable variations in shrinkage within every wood species, it is impossible to accurately predict
the free shrinkage of an individual piece of wood. The average free shrinkage can however be predicted
accurately. [4]
To estimate the free shrinkage for a particular wood specimen the following assumptions are made:
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• Free shrinkage begins at the FSP.
• Dimensions decrease linearly with decreasing MC.
The free shrinkage strain Sw from green MC to a final MC of w can be calculated by:
Sw = S0
(
1− w
FSP
)
(2.2)
where:
• S0 is the free shrinkage strain from green MC to ovendry.
• FSP is the fiber saturation point. If it is unknown then 30 % can be used as an approximation.
The resulting free shrinkage is therefore assumed to be linear with changes in MC w. The assumption that
wood shrinks linearly with decreasing MC is only accurate for small cross sections as it depends on the
moisture content gradient over it. A large cross section subjected to drying for example will rapidly drop in
MC around the edges whereas the MC in the middle falls much slower. This will results in non-linear free
shrinkage with time.
2.3.3 Density and specific gravity
The density of wood is defined just as for any other material as the ratio between mass m and volume V :
ρ = m
V
(2.3)
as both the mass of wood and its volume is dependent on MC, the density is as well.
The specific gravity Gw (also known as relative density) of a material is defined as the "ratio of the density of
a substance to the density of water ρwater at a specific reference temperature, typically 4 ° C, where ρwater
= 1000 [kg/m3]" [4]. The mass of the material used is always the ovendry mass m0.
Gw =
m0
Vw · ρwater (2.4)
where
• m0 is the dry mass of the wood [kg]
• Vw is the Volume of the wood at a given MC [m3]
• ρwater is the normal density of water =1000 [kg/m3]
Materials like metals that do not adsorb moisture have constant density under isothermal conditions as well as
constant specific gravity. Materials like concrete adsorb moisture but generally maintain a constant volume.
Its density varies linearly with MC but specific gravity stays constant (because the volume is constant). For
wood, where both mass and volume depend on MC, both density and specific gravity vary with transitions
around the FSP.
Since both density and specific gravity vary with MC a standard reference basis is desirable to make compar-
isons between tests. Most commonly the density ρ12, corresponding to a MC of 12 %, is used for standard
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tests. While density is referenced to MC, specific gravity is referenced to a volume basis. Most commonly
used are ovendry specific gravity G0, basic specific gravity Gb and 12 % MC specific gravity G12. A list of
these different expressions for density and specific gravity can be seen in table 2.2.
Table 2.2: Expressions for specific gravity and density of wood [4]
Symbol Mass basis Volume basis
G0 Ovendry Ovendry
Gb Ovendry Green
G12 Ovendry 12 % MC
Gw Ovendry w % MC
ρ0 Ovendry Ovendry
ρ12 12 % MC 12 % MC
ρw w % MC w % MC
If some parameters of equation (2.4) are missing, the specific gravity of wood Gw can be determined from
the basic specific gravity using the following equation from [4].
Gw =
Gb
1− Sw (2.5)
where
• Sw is the free shinkage strain defined in equation (2.2).
Values of Gb can for instance be found in table 4-3 in [4].
If the total volumetric shrinkage S0 is not known, it can be estimated by:
S0 = 0.265 ·Gb (2.6)
The density ρw of wood , being defined as the mass at a given MC divided by its volume, can be calculated
from the specific gravity by[4]:
ρw = Gw(1 + w) (2.7)
2.3.4 Mechano sorption
Mechano sorption is the effect where a wooden structure under constant loading will experience an increase
in deformations due to MCC over time. Much like creep deformations, these deformations are comprised of
elastic and plastic deformations as only the elastic part will be recovered if the load is removed.
2.3.5 Water vapour sorption
Water vapour sorption is the interaction between the moisture content of a wood specimen with the water
vapour of the air surrounding it. It is a function of both relative humidity and temperature, which generally
varies significantly in the short-term (daily) and long-term (seasonal).
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Relative humidity
Relative humidity is a measure of the partial pressure of water in an air mixture as a ratio to the saturated
vapour pressure of that same air mixture. It is this partial pressure of water vapour that drives moisture
content changes within wood and it is therefore important to understand how relative humidity behaves. The
relative humidity of an air mixture depends on the temperature and the pressure of the system of interest.
Equilibrium moisture content EMC
Wood, being a hygroscopic material, seeks to achieve equilibrium in the moisture content of itself and its
surroundings. When a state is reached where the wood is neither gaining nor losing moisture, an equilibrium
has been reached, termed the Equilibrium Moisture Content (EMC). For most practical purposes and for
wood of any species the following expression for EMC applies [4]:
EMC = 1800
Wemc
(
K ·HRh
1−K ·HRh +
K1K ·HRh + 2K1K2K2H2Rh
1 +K1K ·HRh +K1K2K2H2Rh
)
(2.8)
Wemc = 349 + 1.29 · Tc + 0.0135 · T 2c
K = 0.805 + 0.000736 · Tc − 0.00000273 · T 2c
K1 = 6.27− 0.00938 · Tc − 0.000303 · T 2c
K2 = 1.91 + 0.0407 · Tc − 0.000293 · T 2c
(2.9)
where
• HRh is the relative humidity [%]
• Tc is the temperature in degrees Celsius [°C]
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Figure 2.6: Equilibrium moisture content by USDA method for different isothermal condition
The relationship between EMC and HRh at a constant temperature (isothermal conditions) is termed the
sorption isotherm. Several sorption isotherms of the model are seen in figure 2.6 for different isothermal
conditions.
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The slope of the sorption isotherm is obtained by the derrivative of equation (2.8)
∂EMC
∂HRh
= 1800
Wemc
(
K1K(K1K2K2H2Rh + 4 ·K2K + 1)
K1K2K2H2Rh +K1KHRh + 1
+ K(K ·HRh − 1)2
)
(2.10)
Sorption hysteresis
A phenomena encountered in water vapour sorption of wood, that the above EMC model does no account for,
is sorption hysteresis. Sorption hysteresis is where the sorption isotherms vary between adsorption (going up
the curve) and desorption (going down the curve). This phenomena is seen in figure 2.7. This effect also
has a cyclical behaviour whereas for multiple cycles of adsorption (wetting) and desorption (drying), the
associating sorption hysteresis curves will changes.
Figure 2.7: Sorption hysteresis of wood [4]
The EMC sorption model in equation (2.8) uses average values in between adsorption and desorption. Since
modelling of cyclical environmental condition time histories and its associate MC time history is the goal of
this research, this effect will produce errors in the results unless they cancel each other out and the mean
value used holds true.
2.3.6 Liquid water sorption
The contact of wood with liquid water can induce rapid changes in MC through a variety of mechanisms
such as capillary action. Liquid water sorption can raise the MC above the FSP and up to the maximum
moisture content where all lumens are filled with water. Rainwater on a wooden structure can influence the
MC time history, and thereby the moisture induced deformation. Liquid water sorption is not included in the
analysis of this project.

CHAPTER 3
Moisture Transport
3.1 Introduction
In order to estimate the moisture change a wooden structure will experience over its lifetime, a moisture
transport model is needed. Moisture transport in wood is a highly complex process involving many dependent
variables and having several different modes of transport for the various phases of water that exist within
it. From a structural engineering point of view, moisture transport below the FSP is of greatest interest to
analyse deformations and stresses throughout the lifetime of the structure. Below the FSP the problem of
moisture transport simplifies somewhat, allowing the use Fick´s law of diffusion to model the problem at
hand.
In this chapter a nonlinear transient moisture transport FEM model to describe moisture flow in wood below
the FSP is outlined and then compared to analytical and experimental results.
3.2 Transverse moisture diffusion coefficient model
The diffusion coefficient D in Fick´s law of diffusion, equation (3.12), describes the relation between the
moisture content gradient and the moisture flow over a specimen. In simpler terms it acts like a valve on
a garden hose, controlling how much water flows through it in relation to the water pressure in the pipe.
Diffusion coefficients for wood depend on (among other things) material direction, MC, temperature, specfic
gravity and pressure. A mathematical model is needed to determine these constants and for this project, a
method from Siau is used [19].
The equations used are listed and the principles behind them briefly dealt with. For a more detailed
explanation, consult [19].
Bound water transverse diffusion
As mentioned previously in section 2.3.1 bound water is the moisture contained within the cell walls. The
moisture transport of bound water through the cell walls is described by the bound water transverse diffusion
coefficients, given by:
DBT = 7 · 10−6 exp
(
−38500− 29000 · w
R · Tk
)
(3.1)
• DBT is the Transverse bound water diffusion coefficient of the cell wall [m2/s]
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• R is the gas constant = 8.31446 [J/mol · K]
• Tk is the temperature in degrees Kelvin [° K]
The formulation of equation 3.1 uses a linear approximation for the activation energy of bound water
diffusion that has inaccuracies outside the interval 5% < w < 28%. Simply put, for moisture content around
zero and at the FSP, inaccuracies of the model will be greater. See [19] for more details. For most real life
scenarios these MC values will not be reached during the service life of a structure but it’s important to be
aware of the limitations of the model nonetheless.
Water-vapour diffusion of air
Another form in which moisture exist within wood below the FSP is through water vapour inside the lumens.
As a starting point to describe its diffusion, we use the coefficient of interdiffusion of water in bulk air:
Da =
2.2
pa
(
Tk
273
)1.75
(3.2)
• pa is the barometric air pressure: [Pa]
The total transverse moisture diffusion model is a combination of bound water diffusion and water vapour
diffusion, with the two water forms interacting with one another and having equilibrium between the two
of them. In order to have an expression for the water vapour diffusion on the same basis as bound water
diffusion, the bulk air interdiffusion coefficient Da must be converted with regards to the concentration of
bound water in the cell walls. The result of this conversion is:
DV =
0.018 ·Da · ρsat
Gcellw · ρwater ·R · Tk
∂HRh
∂w
(3.3)
where:
• Gcellw is the specific gravity of the cell wall at a certain moisture content w, assuming a cell wall
ovendry density ρ0 of 1500 kg/m3.
Gcellw =
1.5
1 + 1.5 · w (3.4)
•
∂HRh
∂w
is the inverse of the slope of the sorption isotherm given by equation 2.10
• ρsat is the saturated vapour pressure in [Pa] given by:
ρsat = exp
(
53.421− 6516.3
Tk
− 4.124 lnTk
)
(3.5)
Transverse moisture diffusion
The transverse moisture diffusion coefficients can now be obtained, for MC below the FSP, by.
DT =
1
(1− a)2 ·
DBT ·DV
DBT +DV (1− a) (3.6)
where
• a is the size of the lumen given as the square root of the porosity of the wood a =
√
Va
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• The porosity Va for different moisture content is given as
Va = 1−Gw(0.653 + w) (3.7)
where the specific gravity Gw is found by equation 2.5 as defined previously.
Results from this model for several different isothermal conditions is seen in figure 3.1. Notice that the scale
of this plot is logarithmic for the Diffusion coefficient DT . It is evident that DT varies greatly with regards
to both MC and temperature.
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Figure 3.1: Transverse diffusion coefficients at different isothermal conditions
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3.3 Modelling of moisture transport
As mentioned previously the intended use of this model is to estimate moisture related stresses that arise
during the lifetime of a structure due to MCC. This is a two step procedure that is sequentially coupled,
allowing us to first calculate the MC history and then the stresses that follow. This is possible since the MCC
influences the stresses but the stresses have virtually no influence on the MC, thereby the two models are
sequentially coupled.
The modelling problem at hand is that of determining a moisture content field over a 2D cross section as a
function of time with known physical properties and boundary conditions prescribed.
3.3.1 FEM formulation
Governing equation
The transport of moisture through a medium can be described by Fick’s law of diffusion. For a one
dimensional case (1D in the sense of moisture flow but through a 2D medium) imagine a long bar with a
rectangular cross section, shwon in figure 3.2. Due to different concentrations of water C at each end of the
bar, a gradient exist within it creating a flow of water from one side to another. This flow or flux through the
bar is
j = −D∂C
∂x
(3.8)
• j is the diffusion flux of water per unit area per unit time
[
kg
m2 · s
]
• D is the diffusion coefficient in [m2 / s]
• C is the mass of water per unit volume [kg/m3]
This equation states that the diffusion flux along the x-axis is proportional to the moisture concentration
gradient, and flows in the opposite direction. This is Fick’s first law of diffusion.
Now consider an infinitely small piece of that bar as depicted in figure 3.2. To ensure equilibrium and
maintain a mass balance of the infinitely small element of the system we set up an equation saying that the
change of water per unit volume per unit time must equal net mass flux out of the element.
∂C
∂t
= − ∂j
∂x
(3.9)
Inserting this equilibrium condition into (3.8) gives us Fick’s second law of diffusion for a non constant
diffusion coefficient as:
∂C
∂t
= ∂
∂x
(
D
∂C
∂x
)
(3.10)
As we want to express the water content in our medium as moisture content w the governing equation
becomes:
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Figure 3.2: One dimensional bar with moisture diffusion
ρ0 · ∂w
∂t
= ∂
∂x
(
ρ0 ·D∂w
∂x
)
(3.11)
We assume that the ovendry density ρ0 is constant in the spatial domain and can therefore remove it from the
equation. Rewriting it with∇ operators it takes the form:
w˙ = ∇ · (D · ∇w) (3.12)
This form is valid for 1 dimensions up to 3 dimension. For the 2 dimensional case it takes this form:
δw
δt
= ∂
∂x
(
Dxx
∂w
∂x
+Dxy
∂w
∂y
)
+ ∂
∂y
(
Dyy
∂w
∂y
+Dyx
∂w
∂x
)
(3.13)
This expression of the governing equation assumes that the material is orthotropic in regards to its diffusivity
with a D matrix of the form:
D =
[
Dxx Dxy
Dyx Dyy
]
(3.14)
FEM formulation - Rayleigh-Ritz
In order to solve this equation we employ the Finite Element method using Rayleigh-Ritz formulation. The
Rayleigh-Ritz method consists, in brief, of forming a functional Π, making it stationary with respect to nodal
DOF and then solving the resulting FEM equations [7].
The functional is an integral expression containing the governing differential equations, in this case for
diffusion. The functional is the weak form of the governing equation. A suitable functional for our diffusion
problem is in the form of:
Π =
∫ (1
2∇w
TD∇w + ww˙
)
dV (3.15)
Which when w is subject to variation, δΠ = 0 will give us back the governing equation (3.12).
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We are interested in solving this problem in the 2D plane so we assume an element thickness of τ
Π =
∫
A
(
1
2∇w
TD∇wτ + ww˙τ
)
dA (3.16)
We want to solve this equation on an element level and therefore start by defining some element properties
for an arbitrary element.
MC within a element is interpolated from nodal MC values using shape functions, each one being a function
of both x and y:
w = n ·we (3.17)
The moisture content gradient as:
∇w = B ·we (3.18)
Where the MC-Moisture gradient interpolation matrix B is given as
B = ∇ · n (3.19)
With the rate of MCC given as:
w˙ = n · w˙e (3.20)
Substituting these equations into (3.16) yields for a single element:
Πe = 12(w
e)TKe(we)T + (we)TCew˙e (3.21)
in which element matricies are defined as:
Ke =
∫
A
BTDB τ dA (3.22)
Ce =
∫
A
nTn τ dA (3.23)
• Ke is the Diffusivity matrix (analogous to the stiffness matrix in mechanics).
• Ce is the Capacity matrix (analogous to the mass matrix in mechanics).
Finite element equations are obtained by making Π stationary with respect to variations of nodal moisture
content values we.
∂Πe
∂we = 0 (3.24)
Yields the FEM formulation for a single element:
Cew˙e + Kewe = 0 (3.25)
That are then assembled into a global FEM system as:
Cw˙ + Kw = 0 (3.26)
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3.3.2 Nonlinear transient solution algorithm
The above governing first order differential equation (3.26), describes a non linear transient moisture transport
model. In order to solve it, a numerical integration method is used, finding solutions one time step at a time
and correcting that solution with an iterative approach to account for nonlinearities.
Non linear algorithm
The governing equation has several dependent variables. The MC w as well as the MCC w˙ are time
dependent and the diffusivity matrix Kw is dependent on time, MC, temperature and air pressure pa.
C w˙(t) + Kw(t,w,T,p) ·w(t) = 0 (3.27)
In order to solve this equation it is solved repeatedly for a time step increment ∆t to get a solution at time
tn+1 = tn + ∆t. The question is where to evaluate the governing equations on that interval?
A general family of algorithms emerges by defining a parameter α for this purpose such that tn+α = tn+α∆t
on the interval 0 ≤ α ≤ 1. The governing equation at time tn+α becomes [11]:
C w˙n+α + (Kw)n+α ·wn+α = 0 (3.28)
The following approximations are introduced:
w˙n+α =
wn+1 −wn
∆t (3.29)
wn+α = (1− α)wn + α ·wn+1 (3.30)
Plugging those approximations into equation (3.28) takes the form:[
1
∆tC + α · (Kw)n+α
]
︸ ︷︷ ︸
K˜x
wn+1 =
[
−(1− α)(Kw)n+α + 1∆tC
]
wn︸ ︷︷ ︸
F˜x
(3.31)
In this equation the unknowns are wn+1 and wn+α but wn is known from the last time step. In his article
[12] Hughes has demonstrated that this particular algorithm is unconditionally stable for α ≥ 1/2 meaning
there is no critical time step size. Furthermore it is second order accurate for α = 1/2 , therefore it is the
preferred value of α for the solution algorithm.
In order to solve this system of equation, terms are summed together into new "stiffness" K˜x and "force"
F˜x terms. The use of the terms stiffness and force is solely out of convention and familiarity. They are
defined in equation (3.31) and by defining them in this way they form the familiar FEM equation. Here they
represent a coupled algebraic equation system which we solve to determine wn+1:
wn+1 = K˜x \ (F˜x − fBC) (3.32)
• fBC is a vector containing the prescribed boundary conditions
And the moisture flow internal reactions are calculated, analogous to internal forces in mechanical problems,
hereby termed qi:
qi = K˜xwn+1 − F˜x (3.33)
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In order to solve these, initially the unknown parameter wn+α is set equal to the known parameter wn. To
correct for this approximation and account for non-linearity, the Newton-Rhapson iteration scheme is used.
Newton-Rhapson iteration scheme
The Newton-Rhapson scheme consists of an iterative process where in each iteration a new MC step is
performed and the residual force imbalance is estimated. This process is repeated until a prescribed MC step
or force imbalance convergence criteria is reached [17].
The superscript ()i denotes the number of iteration. In every iterations a new diffusivity matrix Kiw is formed
using the last approximation for the MC values win+1
The internal reaction "forces" of the time step are given as:
f iint =
C
∆t (w
i
n+1 −wn) + Kiwwin+1 − qi (3.34)
The tangent "stiffness" matrix Kitan describes the relationship between MC and "forces" for the next iteration
applied. It is formed as the tangent slope on the last known point on the "stiffness" curve.
Kitan =
C
∆t + α ·K
i
w (3.35)
Residual force imbalance of the iteration is found by:
f ires = Kitanwin+1 − f iint (3.36)
A new equations system is solved to determine the next MC step:
wi+1n+1 = Kitan \ (f ires − fBC) (3.37)
∆qi = Kitanwi+1n+1 − f ires (3.38)
The mass flow internal reaction force vector qi is updated for the next iteration step:
qi+1 = qi + ∆qi (3.39)
Convergence criterion
The convergence criterion is based on evaluating the increment in the MC vector w for the last iteration and
comparing it to a fixed error tolerance. The increment is obtained by:
∆w = wi+1n+1 −win+1 (3.40)
ξ = ∆wT∆w (3.41)
Where ξ is the moisture increment scalar product used as an error tolerance. It is set to 1 · 10−4 MC for this
project.
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3.4 Implementation
This section describes the implementation of the above theoretical FEM model into a usable MATLABr
program.
3.4.1 Transformations of diffusivity
Since wood is orthotropic, having two material directions in its cross section, a transformation of diffusion
coefficients from the element local level to the global system level is needed. This relation is given by
equation (3.42).
D =
[
Dxx Dxy
Dyx Dyy
]
= A0
[
Dr 0
0 DT
]
AT0 (3.42)
The transformation matrix A0 describes the relation between the unit vectors of the x,y coordinate system
(i,j) and the unit vectors of the local material directions r0,t0 [15].[
r0
t0
]
= AT0
[
i
j
]
(3.43)
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Figure 3.3: Element local material direction transformation to global system
To formulate it, first the location of the Pith p is identified along with the material point m which is at the
center of each element (seen in figure 3.3). The vector between those points r defines the radial material
direction at point m.
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r = m− p =
[
mx
my
]
−
[
px
py
]
(3.44)
Where its unit vector is the r vector divided by its norm (the length).
r0 =
r
||r|| =
[
r0x
r0y
]
(3.45)
and the unit vector in the tangential direction is
t0 =
[
−r0y
r0x
]
=
[
t0x
t0y
]
(3.46)
This gives us our transformation matrix as
A0 =
[
r0 t0
]
=
[
r0x t0x
r0y t0y
]
(3.47)
The transformation formulation calculates material directions based on the center of each element. This is
only strictly accurate for an element with one integration point in its center. For a higher integration order
transformations should be done in all integration points. But since the transverse diffusion coefficient model
used in this project uses the same coefficient for radial and tangential diffusion, this transformation becomes
unnecessary as the diffusion over the cross section is isotropic. The transformation formulation is kept in the
model to have the option of orthotropic diffusion in the cross section. It will also be necessary later on when
this formulation is extended to 3D elements with spiral grain.
3.4.2 Element formulation
The element chosen is the isoparametric 4 node bilinear quadrilateral (Q4) seen in figure 3.4. It is formulated
as a scalar field element and can handle distorted element shapes by means of a transformation from the
physical space to a square ξη- space [7].
Figure 3.4: A 4 node isoparametric element in physical space and the same element mapped into the ξη-
space [7]
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The shape functions of the element are given by:
n =
[
N1 N2 N3 N4
]
(3.48)
N1 =
1
4(1− ξ)(1− η) N2 =
1
4(1 + ξ)(1− η)
N3 =
1
4(1 + ξ)(1 + η) N4 =
1
4(1− ξ)(1 + η)
(3.49)
In order to express the relation between nodal MC values and MC gradients in the global direction we require
the B matrix that relies on the inverse of the Jacobian matrix J. The J matrix transforms the gradients in the
ξη- space into the physical space:
[
w,ξ
w,η
]
=

∂w
∂x
∂x
∂ξ
+ ∂w
∂y
∂y
∂ξ
∂w
∂x
∂x
∂η
+ ∂w
∂y
∂y
∂η
 = J[w,x
w,y
]
(3.50)
and becomes for this element and these shape functions:
J = 14
[
−(1− η) (1− η) (1 + η) −(1 + η)
−(1− ξ) −(1 + ξ) (1 + ξ) (1− ξ)
]
x1 y1
x2 y2
x3 y3
x4 y4
 =
[
J11 J12
J21 J22
]
(3.51)
The MC-Moisture gradient interpolation matrix B relating nodal values and gradients obtained as:
[
w,x
w,y
]
=
[
Γ11 Γ12
Γ21 Γ22
][
N1,ξ N2,ξ N3,ξ N4,ξ
N1,η N2,η N3,η N4,η
]
︸ ︷︷ ︸
B

w1
w2
w3
w4
 (3.52)
With the inverse of the Jacobian matrix as:
J−1 = Γ =
[
Γ11 Γ12
Γ21 Γ22
]
(3.53)
Which is used to from the element diffusivity matrix of thickness τ :
Kew =
∫
BTDBτ dA =
1∫
−1
1∫
−1
BTDBτJ dξdη (3.54)
where J is the determinant of the Jacobian matrix:
J = det J = J11J22 − J21J12 (3.55)
and the element capacity matrix as:
Ce =
∫
nTn τ dA =
1∫
−1
1∫
−1
nTn τ J dξdη (3.56)
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Gauss quadrature
In order to form the diffusivity matrix Ke and capacity matrix Ce the integrals over the area of the elements
must be solved. To do this efficiently we employ numerical integration, also know as quadrature, by the rule
of Gauss integration. The quadrature rules all operate on the principle of evaluating the function at specific
points, multiplying the result of that evaluation with an appropriate weight factor, and adding up the results
to approximate the integral.
The Gauss integration rule can have a different number of integration points where the function is evaluated.
In figure 3.5 a function is approximated using 2 integration points. In that case the sampling point location
should be evaluated at a distance of a = 1/√3 from the middle of the function with weight factors equal to
1. Note that the function must be mapped into a domain of length = 2 for the Gauss integration to work.
In the isoparametric element formulation this has already been done so Gauss quadrature works well in
conjunction with them. A Gauss integration with n number of integration points will integrate a polynomial
of degree 2n− 1 exactly. Using more integration points will be computationally more heavy and still pro-
duce the same result. Rules relationg to Gauss integration of a higher or lower order than 2 can be found in [7].
Figure 3.5: Gauss quadrature with 2 integration points [7]
For the isoparametric Q4 element and a Gauss integration order of 2 will result in 2x2 integration point per
element (figure 3.6).
The structure of the code in MATLAB that handles these calculations is such that it can handle any number
of Gauss integration order as long as the weight factor and integration point location rules are known. The
order chosen is a debate between computational expenses and accuracy of integration. Throughout this
project the order is set to 2, having 4 integration points.
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Figure 3.6: Gauss Quadrature over a Q4 isoparametric element [7]
3.4.3 Mesh and MC considerations
Mesh
The node and mesh structure is formed in accordance to the geometry of the cross section and a desired
discretization, along each axis, of that geometry. A typical mesh can be seen in figure 3.7. Although the
elements used are isoparametric, and can therefore handle distorted shapes, the mesh generation only works
with rectangles and can only accept rectangular cross sections. These limitations are opposed to simplify the
program and are left out as future work (see 5.3) .
In addition to the "global" discretization of the cross section, the outermost element can be discretized
even further to capture the areas of high flux, analogous to stress concentrations, where a coarse mesh can
give inaccurate results. The inner parts of the cross section will generally experience a much smaller flux
concentration and a coarser mesh is justifiable there. This process of increasing the number of elements
where they are needed is known as h-refinement [7].
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Figure 3.7: Example of mesh structure
Diffusion coefficients
The method for calculating transverse diffusion coefficients DT that is listed in section 2.3.1 is used in the
FEM model. As stated before the diffusion coefficients DT depend on MC values, temperature and pressure.
It is assumed that for each time step ∆t that the temperature and pressure are constant over the cross section.
This approximation should not give rise to large inaccuracies as the conduction of temperature happens
much faster than the diffusion of MC.
The MC distribution changes slowly on the other hand and it must be accounted for as diffusion coefficients
are formed. In every time step the MC distribution from the previous time step is used to find average
nodal MC values for each element. These MC values are used along with the DT calculation method to
find DT values for each element at each time step. Each element is therefore assumed to have a constant
diffusion coefficient over the element, same in each integration point. The relationship between DT , MC
and temperature are shown in figure 3.1.
A problem arises in the application of Siau´s diffusion model as equation (3.3) uses the inverse of the slope
of the sorption curve from equation (2.10) that uses relative humidity HRh and temperature values. The
relative humidity is not constant over the cross section as the partial pressure of water vapour varies. This
quantity is unknown so we must formulate the equations based on MC values instead, which are known.
The algebra of rearranging equation (2.8) to isolate HRh has a very large and cumbersome solution. Instead
we opt for fitting a 6th order polynomial to data from equation (2.10) for all HRh values and several
temperature values in the range we intend to use. The results of this fitting are shown in figure 3.8 and the
equation of the polynomial in (3.57).
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Figure 3.8: Polynomial fit of data
dEMCw = p1 · w6 + p2 · w5 + p3 · w4 + p4 · w3 + p5 · w2 + p6 · w + p7 (3.57)
With the coefficients seen in table 3.1
Table 3.1: Coefficients of the 6th order polynomial (3.57)
Coefficient Value
p1 7.4322× 104
p2 −7.8435× 104
p3 3.3575× 104
p4 −0.7494× 104
p5 0.0946× 104
p6 −0.0063× 104
p7 0.0002× 104
Cross section average MC
The moisture transport FEM model calculates MC distributions over a 2D cross section as previously
explained. Its intended use however is to provide a MC distribution time history for a stress analysis program
using 2D beam element formulation that uses a 1D MC distribution over its cross section as input. This
model and its functionality is detailed later in section 4.2. The result from our calculation must therefore be
adjusted to meet the needs of this stress analysis program.
This is done basically by taking a weighted average over each line of nodal MC values along the width of
the cross section. Since the elements differ in size, a weighted average is needed. The weighing is done by
taking into account half the size of each adjoining element by each node. The idea being that nodal value
represents a width of cross section equal to the half widths of each adjoining element. These weights are
then multiplied to the nodal values and then a simple average is taken to find the center line average value of
28 CHAPTER 3. MOISTURE TRANSPORT
that row of nodal values.
Another limitation that must be accounted for is that the stress analysis program can only handle linear
variation of MC value across each lamella on the cross section. It however has the advantage of being
able to handle discontinuities in MC from one lamella to another. With this in mind we want to make a
piecewise linear fit of our 1D center line average values over each lamella. This is done by isolating the
center line average nodal values across each lamella (note that a node on the boundary between two lamellas
is considered in the linear fit of each adjoining lamella) and making a linear fit that is independent of MC
values of other lamellas. This process is depicted in figure 3.9 and 3.10 for values at two different times for a
small cross section exposed to drying.
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Figure 3.9: MC distribution over cross section depicted as contour lines at different times 1 (—) and 2 (—)
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Figure 3.10: Center line averages and the resulting linear fit over 5 lamellas at different times 1 (—) and 2
(—)
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The FEM formulation of the 2D moisture transfer program does not allow discontinuities in its solution.
Therefore discontinuities of the 1D fitted center line average will be small or non-existent except for special
cases or sharp rises in MCC on the boundary (such as in figure 3.10 b.). FEM formulations that allow
discontinuities do exist but they are outside the scope of this project.
Situations can arise where adjoining lamellas with different ovendry density ρ0 will reach EMC at different
MC values to one another, causing discontinuities between lamellas. As stated before in the formulation of
the governing equation (3.11), the ovendry density is assumed constant in the spatial domain so variations in
ρ0 are not allowed. If this option is desired for analysis, then the problem should be formulated based on
water concentration C instead of MC values w.
3.4.4 Environmental conditions and data preparation
The moisture model takes into account the time history of the environmental conditions that surround the
beam cross section to form a MC time history. As the time scales between the different topics (environmental
history to MC history to stress history) vary significantly, some preparation of input and output variables
is necessary. For instance the RH and temperature history in figure 3.11. It has daily average values of
environmental conditions that will be used in a moisture history calculation with a time step anywhere in
between 1 second to a year. These discrepancies must be taken into account in a systematic way to avoid
user errors.
The are 3 different possibles cases that must be accounted for when dealing with this discrepancy between
the sampling time step of environmental data ∆tE and time step ∆tw of the moisture program:
• ∆tE < ∆tw: In this case the sampling time step is lower than ∆tw, meaning there are several
environmental values over each time step. A piecewise linear fit of the data is made for each
timestep, identifying the trend of the data and finding a suitable value at the end of the time step. No
discontinuities are allowed in this regression fitting.
• ∆tE = ∆tw: The environmental data is in tune with the moisture program time step so no action is
necessary.
• ∆tE > ∆tw: This is not an ideal case but a possible one none the less. Here a single environmental
value is used multiple times for several subsequent time steps.
The program can also take constant values as an input and will in that case create a constant time history of
that environmental variable having a sampling time step ∆tE = ∆tw.
In general the EMC values are not given, although this is allowed in the program, but calculated from RH
and temperature, and then adjusted to fit the time step of the moisture program.
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Figure 3.11: RH and temperature history from Drammen, Norway in 2013 [5]
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Figure 3.12: EMC time history from RH and temperature data from Drammen, Norway 2013
3.4.5 Summary of program structure
The program structure of the nonlinear transient moisture transport program is shown in figure 3.13. Initially
the parameters outside the time integration are dealt with. Input data and geometry are defined. Environmental
data is adjusted to suit the time step of the moisture program ∆tw and the element mesh and Boundary
conditions formed.
Secondly the iterative loop over all time steps begins. For all time steps the diffusion coefficients DT are
calculated for each element and the Diffusivity and Capacity matrices are formed. Then the equation system
is solved and Newton-Rhapson iterations are made to adjust the solution for nonlinearities. Then the loop is
repeated for the next time step.
When the time integration loop completes some post processing takes place. Center line averages are created
and a linear fit of those averages are made with regards to the lamella discretization of the mechanical
deformation program.
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Figure 3.13: Flow chart of Moisture program structure
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3.5 Analytical verification
In order to verify that the model has been implemented correctly it was compared to known analytical
solutions for transient one and two dimensional flow with constant boundary conditions. This verification
process also gives some sense of the degree of mesh refinement and time step size needed to obtain suitable
accuracy. Both analytical solutions are found in [6] as solutions to the heat flow equation.
3.5.1 1D transient moisture transport
The analytical solution to transient one dimensional flow with constant nonzero boundary conditions are
given by equations (3.58) to (3.62).
The governing equation:
δw
δt
= Dδ
2w
δx2
, 0 < x < L (3.58)
Steady state solution:
w1(x) =
MC2 −MC1
L
x+MC1 (3.59)
• MC2 is the MC on the top of the section
• MC1 is the MC on the bottom of the section
The partial sum used in (3.61) is given by:
bn =
2
L
∫ L
0
(
MCinit −
(
MC2 −MC1
L
x+MC1
)
︸ ︷︷ ︸
w1(x)
)
sin
(npix
L
)
dx (3.60)
• MCinit is the initial MC distribution in the cross section
The transient part of the solution:
w2(x,t) =
∞∑
n=1
bn e−λ
2
nt sin
(npix
L
)
(3.61)
• λn =
√
Dnpi
L
The MC distribution w(x,t) is the sum of the steady state solution w1(x,t) and w2(x,t)
w(x,t) = w1(x,t) + w2(x,t) (3.62)
Table 3.2: Analysis properties 2D flow
Section dimensions
Height x Width No. Elements No. Nodes
Timestep
∆tw
Diffusion Coefficient
DT
100 x 50 [mm] 154 184 1 [h] 10E-10 [m2/s]
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Figure 3.14: Analytical 1D flow problem setup
In modelling the problem a 100 mm long (50 mm wide) cross section is used. The flow is only along the
height of the cross section so the width is irrelevant. The initial moisture content is set to 20 % MC and
the boundary conditions at the ends are 0 % and 30 % MC shown in figure 3.15 . Results of the transient
solution is seen in figure 3.15 showing MC values over the height of the cross section at different times. The
analytical solution is represented by a dotted line (- -) and the FEM solution by a bullet point (•). The sharp
change in MC close to the boundary in the beginning requires a dense mesh and a small time step in order to
obtain an accurate solution.
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Figure 3.15: Comparison of 1D MC values at various times between an analytical (- -) and FEM solution (•).
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3.5.2 2D transient moisture transport
In a similar fashion, the analytcal solution to transient two dimensional flow with constant boundary
conditions are given by equations (3.63) to (3.66).
δw
δt
= D
(
δ2w
δx2
+ δ
2w
δy2
)
(3.63)
w(x,y,t) =
∞∑
n=1
∞∑
m=1
Amn sin
mpi
a
x sin npi
b
y e−λ
2
mnt (3.64)
Amn =
4
ab
∫ b
0
∫ a
0
f(x,y) sin mpi
a
x sin npi
b
y e−λ
2
mnt (3.65)
λmn =
√
Dpi
√
m2
a2
+ n
2
b2
(3.66)
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Figure 3.16: Analytical 2D flow problem setup
Table 3.3: Analysis properties 1D flow
Section dimensions
Height x Width No. Elements No. Nodes
Timestep
∆tw
Diffusion Coefficient
DT
100 x 50 [mm] 676 729 1 [h] 10 E-10 [m2/s]
The problem is modelled same as before but with different boundary conditions. Initial moisture content is
set to 30 % and all 4 boundaries are set to 0 % MC. The aim here is to get a steep MC gradient over the
height of the beam. This will result in high concentration of MC flux, particularly at the boundary, which
can result in inaccuracies if the mesh is too coarse or the time step is too small. The comparions between the
analytical and the FEM solution is seen in figure 3.17 for various times. Due to difficulties in representing a
comparison between two 2 dimensional MC time histories, a comparison of center line average values was
used instead.
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Figure 3.17: Comparison of 2D MC values at various times between an analytical (- -) and FEM (•) solution.
There is good conformity between the analytical and FEM solution. But due to the large amount of MC flux
(analogous to stresses in mechanics) in the beginning, a very dense mesh and a small time step are required.
36 CHAPTER 3. MOISTURE TRANSPORT
3.6 Experimental verification of the moisture transport program
In order to attempt to verify the moisture models implemented, two experiments are performed. Firstly a
steady-state transverse moisture transport experiment to compare to the diffusion coefficient model. Secondly
a transient transverse moisture transport experiment to compare to the full non-linear FEM model.
3.6.1 Steady-state transverse moisture transport
The aim of the experiment is to measure diffusion coefficients of timber samples for comparison to the
theoretical diffusion coefficient model described previously. Since timber is an orthotropic material, the
diffusion varies, amongst other things, in radial, tangential and longitudinal direction. The material directions
of interest for this experiment are radial and tangential.
Since glulam is commonly used and subjected to moisture variations, the water vapour transport properties
across the glue line are also of interest to see if they have to be accounted for in the model.
The EN ISO 12572 standard [3] specifies a method based on cup test to determine the water vapour
permeability of building materials under isothermal conditions. It applies, amongst other, to all hygroscopic
building materials and results obtained by its method are suitable for design purposes.
Theory
In the cup test the parameter that is measured is the mass change rate ∆m˙12 which is given by:
∆m˙12 =
m2 −m1
t2 − t1 (3.67)
as simply the difference in mass with regards to change in time. Throughout the experiment a mass change
is plotted and a regression line is fitted to the data once the flow has reached a steady state. The slope of that
regression line is denoted as g.
Water vapour permeance W is given by:
W = g
Asp ·∆pv (3.68)
where:
• g is the slope of the mass/time regression line
• Asp is the area of the specimen
and ∆pv as the difference in water vapour pressure across the specimen. This can be accounted for on either
side of the sample using:
pv = HRh · 610.5 · e
17.269·Tc
237.3+Tc (3.69)
Water vapour permeability is the water vapour permeance W times the thickness of the specimen τsp:
δ = W · τsp [kg/m · s · Pa] (3.70)
The water vapour permeability values need to be changed to diffusion coefficients in [m/s2]. The following
equation from Siau [19] does just that.
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D = δ · psat
Gw · ρw
∂HRh
∂MC
(3.71)
• ∂HRh is the difference in relative humidity across the specimen
• ∂MC is the difference in moisture content across the specimen
• psat is the saturated vapour pressure defined in equation (3.5)
Materials
The material used for the experiment are structural wood beams of C24 grade purchased from a local supplier
in Denmark (Johannes FOG). The manufacturer is Södra Timber in Sweden. Ideally all specimens should
come from a single tree but in order to achieve this a large section of wood would be needed. As this was
not available, two boards of 47mm x 125 mm Norway Spruce where chosen instead, each with a dominating
tangential or radial material direction along its width .
Three test specimen cases were fabricated from the wood boards and they are as follows:
1. Specimen with tangential flow path
2. Specimen with radial flow path
3. Specimen with radial flow path with a glue layer in the middle.
Each test specimen case has 2 two specimen series (dry and wet), each comprised of 3 specimens (see table
3.4). The total number of specimens needed for the experiment is 18.
Table 3.4: Wood specimen numbering scheme
Case
Wet cup Dry Cup
Series Specimen Series Specimen
Tangential I 1,2,3 IV 10,11,12
Radial II 4,5,6 V 13,14,15
Radial w/glue layer III 7,8,9 VI 16,17,18
The glue used to represent the glue lines of a Glulam beam is a MUF (Melamine-Urea Resin) glue specifically
made for wood industry by Dynea called Prefere 4535. It is approved by the Nordic Glulam Committee for
use in manufacture of load-bearing wooden structures for interior and exterior use with coniferous woods
such as Spruce.
Methods / Methodology
Preparation of test specimens
In order to fabricate the specimens the wooden boards were planed down to its desired thickness and then
circular discs of 80 mm cut out using a circular drill.
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To make the case 3 specimens with a glue layer in the middle, two 10 mm discs where clued together as per
the manufacturers instructions.
All specimen were placed in a ring of plexiglass with a slightly larger thickness then the wooden specimen
to ensure a good seal. The plexiglass rings have an outer diameter of 100 mm and an inner diamater of 93
mm. The void between the plexiglass and the specimen were filled with an epoxy sealer, shown in figure
3.18 of the specimen assembly.
Table 3.5: Wood specimen geometry
Property Symbol Value Unit
Diameter dsp 0.08 m
Mean thickness τsp 0.02 m
Area Asp 0.005 m2
As wood is hygroscopic and therefore varying in dimension with varying MC below the FSP a highly flexible
sealer was required to ensure a good seal throughout the experiment. The sealer must also be impermeable
to water vapour and retain its physical and chemical properties throughout the test. After discussions with
sealant manufacturers and professors in the trade, the use of Sikaflexr 15LM was decided as a suitable
sealant for the test.
The standard specifies a minimum of five specimens per series for a specimen area of less then 0.02 m2,
which is the case for this experiment. However due to time limitations and availability of equipment, 3
specimen for each series was used instead which can effect the accuracy of the results. Since false results
from leakage of the cup seal or other complications are common, 3 specimen per series is an absolute
minimum to be able to exclude abnormal results and evaluate consistency between individual specimen in a
specimen series.
Figure 3.18: Wood specimen assembly
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After the specimens where assembled and the sealer had cured, they where conditioned in an environment of
23 ◦C and 65 % relative humidity for several days before the experiment.
The cup test
The specimen to be tested is placed in a sealed cup with one side of the specimen exposed to climatic
conditions inside the cup and the other side exposed to the conditions outside the cup. The inside of the
cup is partially filled with either a desiccant (dry cup) or an aqueous saturated solution (wet cup) creating
the desired RH. The cup assembly is then placed in a tempurature and humidity controlled test chamber
set to 23 ◦C and 50 % RH. This creates a pressure gradient across the specimen due to the different partial
vapour pressure between the test cup and the chamber. A one dimensional vapour flow occurs through the
permeable specimen, which will reach a steady state in several days time. The cup assembly, including the
specimen, was weighed periodically and logged. The standard specifies that the experiment should continue
"until five successive determinations of change in mass per weighing interval for each test specimen are
constant within ± 5 % of the mean value for this specimen"[3].
Figure 3.19: Cup assembly
The cups used in the experiment (see figure 3.19) are of circular construction and made of metal. Their
purpose is to seal the specimen in between the two different environments and house the cup environment
(wet or dry).
Two cup conditions where used in this experiment. The dry cup filled with desiccant (Silicate gel) which
absorbs moisture making an RH of 0 %, and the wet cup filled with Potassium nitrate KNO3 producing a
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Figure 3.20: Section view of cup assembly
RH of 93 % inside the cup. The aqueous solution inside the wet cups must not come in contact with the
surface of the specimen as this would influence the moisture flow across it. To combat this, a net is placed
between the solution and the specimen, acting as a splash guard for when it is moved around.
Figure 3.21: Climate chamber for cups experiment
The climate chamber (figure 3.21) that makes up the environment outside the cups must be able to maintain
a ±3% relative humidity and ±0.5◦ C temperature. To ensure uniform conditions the air is stirred with
velocities between 0.2 m/s - 0.03 m/s. The chambers temperature and humidity were continuously recorded
and logged. Those values can be seen in figures A.1 and A.2 in appendix A.
Results of the cups experiment
Results for individual specimens are shown in appendix A. They show both the mass time history throughout
the experiment along with the fitted steady state solution and error estimate of the mass change rate for the
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last five consecutive weightings.
Mass change trends within each specimen series are found in appendix A as well. They illustrate the
conformity between individual specimen in a series and give indication of abnormalities in the results from
e.g. leaks. Such an abnormality was identified in specimen 18 and therefore discarded from the averaged
results of that specimen series group.
Averaged results for each specimen series in comparison to the diffusion coefficient model are shown in
figure 3.22. The comparison to the tangential series (I and IV) to the radial series (II and V) shows that the
radial samples show a higher rate of diffusion then the tangential ones, especially in the wet condition. The
effect of a single glue layer (series III and VI) shows a drop in diffusion rate.
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Figure 3.22: Averaged experimental specimen series results in comparison to the theoretical transverse
diffusion coefficient model
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3.6.2 Transient transverse moisture transport
Previously the FEM model has been compared analytically to cases with fixed boundary conditions and a
solution approaching steady state with time. Also the diffusion coefficient model has been experimentally
verified. The intended use of the FEM model is to simulate the moisture variation within a wooden structural
member that is exposed to strongly variating environmental conditions and boundary conditions within its
life time. To see if the model holds up to transient conditions a cyclical environmental condition experiment
is performed.
Specimen
A small timber beam was cut from same wood boards as described previously in section 3.6.1. Each end
was coated with Sikaflexr 15LM to seal them off and eliminate longitudinal moisture flow through them,
keeping the 2D flow assumption valid. Four of these beams where made for the experiments of the project
and they are designated as S1-S4. In this experiment beam S2 was used.
Table 3.6: Beam specimen S2 properties
Property Symbol Value Unit
Length Lb 994 [mm]
Height Hb 45.3 [mm]
Width Wb 25.3 [mm]
Wet mass mw 480.05 [g]
Ovendry mass m0 423.92 [g]
MC w 13.2 [%]
Density at MC ρw 421 [kg/m3]
Dimensions of the specimen was measured at three different places along the beam with a caliper. The
specimen was conditioned in an environment of 23°C and 65 % relative humidity for several days before the
measurements and application of the sealer. After the sealer had cured, the beam was conditioned again for
several days before the experiment.
In order to measure the density of the specimen, an accurate value for MC at the time when dimensions were
measured, is needed. After the experiment the beam was broken in two parts and put in an oven at 105°C for
drying until a stable mass was reached. The ovendry mass, MC and density are shown in table 3.6.
Experimental setup
In order to control the environment surrounding the beam a climate chamber in the DTU lab was used.
Details of the chamber are found in section 4.3.
A force transducer was placed inside the chamber on a fixed mount and the beam suspended beneath it using
steel hangers. The setup inside the chamber is shown in section 4.3, figure 4.6. The force transducer is made
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by HBM and is of type S2 having an accuracy of 1 Newton.
The output from the force transducer was calibrated by suspending samples of known weight beneath it and
registering the voltage output. The weight of the beam was continuously logged with 1 minute intervals
throughout the experiment.
Environmental conditions
The environmental time history was chosen in an attempt to get as much MCC in the beam in the shortest
time possible without raising the temperature, which was kept at 23°C so that it would be comparable to the
cups experiment from the previous section. Relative humidity levels where cycled between a target of 27 %
RH and 95 % RH changing values every three days (see figure 3.23). For a three day cycle time the beam
cross section will not reach steady state conditions but it should alter the MC (particularly at the boundaries)
considerably.
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Figure 3.23: Environmental conditions of the experiment
As is shown in figure 3.23, the experiment ran for a total of 25 days. At that point the climate chamber broke
down due to a clogged water filter. The temperature history is evident of this as it quickly rose to the indoor
temperature around the chamber with daily variations.
Results
The results of the experiment are seen in figure 3.24. The weight history of the beam is plotted throughout
the duration of the experiment along with the mass control measurements, which was used to calibrate the
mass history and get a few precise point values to compare to the theoretical model.
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Figure 3.24: Mass time history of experiment with mass control measurements
The FEM moisture transport model, with the same parameters and environmental conditions as beam S2
experienced, was ran to obtain a MC time history for comparison. The results of which are shown in figure
3.25. The mass data of the experiment is converted to MC on the basis of the ovendry mass m0 measured
and compared to the average MC value over the cross section from the moisture transport model.
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Figure 3.25: Comparison between experimental results and FEM model
CHAPTER 4
Moisture Induced Deformations
4.1 Introduction
Moisture induced deformations and stresses can play an important role in the service life of a wooden
structure exposed to the elements [16]. To accurately assess this behaviour, several complex relations must
be taken into account. Besides the elastic behaviour: free shrinkage, mechano sorption and creep must also
be accounted for.
Such a model was proposed by Ormarsson [15] and later implemented using MATLABr for a 2D beam
element [16] [20].
The moisture transport model described previously is incorporated into the mechanical model for a complete
analysis of long term moisture induced behaviour in a wooden structure.
Two short term (≈ 3 weeks) experiments are performed in an attempt to verify the model and its im-
plementation. It is then applied to a real life bridge truss structure in Norway to better understand its
behaviour.
4.2 Mechanical model
The mechanical model is briefly described and key relations explained. For a more detailed description of
the model itself see [15]. For a detailed description of its implementation for a 2D beam see [20].
The formulation uses a 2D beam element with 3 DOF at each node, a vertical and horizontal translational
DOF and one rotational. The beam element is based on Euler-Bernoulli beam theory. It is assumed that the
wood fibres are parallel to the length of the beam. Modulus of elasticity E and free-shrinkage coefficients
αw are assumed time independent for simplicity but the MC and external loading can vary with time.
Cross section parameters can vary linearly over each lamella and discontinuities are allowed at lamella
intersections.
4.2.1 Constitutive relations
The total strain rate of the model is defined as:
˙ = ˙e + ˙w + ˙m + ˙c (4.1)
comprised of the:
• ˙e Elastic strain rate
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• ˙w Free-shrinkage strain rate
• ˙m Mechano-sorptive strain rate
• ˙c Creep strain rate
Elastic strain
Using hooke’s law and the assumption that the elastic modulus E is time independent, we get the following
expression for the elastic strain rate:
σ˙ = E · ˙e (4.2)
• E is the longitudinal modulus of elasticity
Using equation (4.1) allows us to write the stress rate as:
σ˙ = E(˙− ˙w − ˙m − ˙c) (4.3)
In order to adhere to Bernoulli beam theory the total strain rate has to vary linearly over the cross section.
˙ = ˙0 − κ˙ (4.4)
• 0 is the normal strain at the NFC
• κ is the curvature of the beam
Free shrinkage strain
The free shrinkage strain describes the shrinkage/expansion that wood experiences with change in MC below
the FSP. In the 2D beam model, only longitudinal free shrinkage is considered. The free shrinkage strain
rate is given as the change in MC over a period of time times αw:
˙w = αw · w˙ (4.5)
• αw is the longitudinal shrinkage coefficient
Mechano-sorptive strain
As the name implies, mechano sorption is the mechanical deformations, of a loaded wooden structure, that
experiences ad- or desorption. This phenomena increases deformations relative to the amount of moisture
content change (MCC). Here it is described by a longitudinal mechano-sorption coefficient ml, the stress
rate and the absolute MCC.
˙m = ml · σ · |w˙| (4.6)
Viscoelastic (creep) strain
Viscoelasticity or creep is the time dependent deformations of a loaded structure. The term viscoelasticity
is used as the material behaves somewhere between a viscous fluid and an elastic solid. This viscoelastic
material behaviour is generally represented by a viscoelastic (sometimes reffered to as rheological) model
made up of a combination of elastic springs and viscous dashpots connected either in series or parallel.
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Materials such as polymers (including wood) and concrete typically exhibit linear viscoelastic behaviour.
Linear in the sense that when the stress is doubled the creep strain is doubled as well. Much like elastic
theory, viscoelastic linearity allows the use of the principle of superposition for calculating responses to
stresses.
The model used here to describe the creep strain rate is:
˙c =
N∑
n=1
1
τn
e−
t
τn γ˙n (4.7)
and the rate of the creep driver γ˙n is given by:
γ˙n =
∫ t
0
e
t′
τn
1
E
· φn · σ˙ dt (4.8)
• τn time constants describing the creep curve
• N is the number of Kelvin elements used to describe the creep curve
• t is the time variable
• t′ represents different times where stress increments occur
• φn is a constant describing the ratio between creep strain and elastic strain used in forming the creep
curve.
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4.3 Experiment: Climate chamber bending test
The aim of the experiment is to measure the deformation of a wooden beam under loading in controlled
environmental conditions to compare to the WoodFEM model. A four point flexure test is performed inside
a climate chamber with static loading in the form of weights suspended from a wooden beam.
Two tests are performed, each taking around 2-3 weeks to complete since long term effects are of interest.
The first test has a cyclical relative humidity between dry and wet to test all aspects of the model. The second
test has constant environmental conditions to isolate the moisture effects out to verify the elastic and creep
deformations of the model.
4.3.1 Materials
A small timber beam was cut from the same wood boards as described previously in section 3.6.1. Each end
was coated with Sikaflexr 15LM to seal them off and eliminate longitudinal moisture flow through them,
keeping the 2D flow assumption valid.
Table 4.1: Beam specimen S1 properties
Property Symbol Value Unit
Length Lb 995 [mm]
Height Hb 45.4 [mm]
Width Wb 25.3 [mm]
Wet mass mw 470.26 [g]
Ovendry mass m0 414.57 [g]
MC w 13.4 [%]
Density at MC ρw 411 [kg/m3]
Table 4.2: Beam specimen S3 properties
Property Symbol Value Unit
Length Lb 995 [mm]
Height Hb 45.3 [mm]
Width Wb 25.5 [mm]
Wet mass mw 490.32 [g]
Ovendry mass m0 - [g]
MC w - [%]
Density at MC ρw - [kg/m3]
Dimensions of the specimens were measured at 3 different places along the beams with a caliper. The
specimen were conditioned in an environment of 23°C and 65 % relative humidity for several days before
the measurements and application of the sealer. After the sealer had cured, the beams were conditioned
again for several days before the experiment.
In order to determine the MC from the wet mass mw, the ovendry mass m0 is needed. After the experiment
the beams were broken in two parts and put in an oven at 105°C for drying until a stable mass was reached.
The ovendry mass, MC and density are seen in table 4.1. Since the experiment with beam S3 was kept
running beyond the duration of this project, it was impossible to cut the beam up and dry it to obtain its
ovendry weight m0. Those values are therefore missing in table 4.2
4.3.2 Equipment
Climate chamber
As mentioned before a climate chamber was needed to control the environmental conditions throughout the
experiment. The climate chamber used are shown in figures 4.1 and 4.2. It is made by the german company
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Vötschr and has the type number VCV 7120-5. It can control both the RH and temperature and has internal
dimensions of roughly 1 x 1 x 1 meter.
Figure 4.1: Climate chamber with data loggers.
Figure 4.2: Climate chamber with four point bending test installed
The chamber has a set of hydraulic jacks installed for load tests, see figure 4.2, but since this is a static test
and they are much too large and powerful for this test, they where only used as a fixture for the bending test.
50 CHAPTER 4. MOISTURE INDUCED DEFORMATIONS
Extensiometer TR50
In order to measure the displacement of the beam in real time, a set of linear extensiometers was used.
The meters are made by Novo Technikr of type TR50. They have an accuracy of around 0.075 mm and
where calibrated before the test with a micrometer. They are however not environmentally sealed and not
ideal in the high humidity conditions of the test. Being the only extensiometers available, this problem was
disregarded for the experiment.
Figure 4.3: Novo Technik TR50 extensiometer
4.3.3 Four point bending test setup / desgin
The simply supported four point bending test theoretical model depicted in figure 4.4 needs to be brought
into the real world in order to perform the experiment. No such setup existed in the DTU lab so one had to
be designed from scratch.
Li = 280
L = 950
Lb = 1000
H
b
=
45
F F
Figure 4.4: Four point flexural test model
4.3. EXPERIMENT: CLIMATE CHAMBER BENDING TEST 51
The four point bending setup is described below and depicted in figure 4.5 as well as in detailed fabrication
drawings in appendix B.
The mounting point for the bending test setup was chosen to be the clamps of the hydraulic jack in the
climate chamber. A stainless steel bolt the clamps could grip onto was made with a threaded connection to a
thick baseplate. On top of the baseplate lies the main supporting structure of the bending test, a steel I beam.
The supporting beam is an IPE-100 beam, bolted to the base plate, with a total length of 1 m. For the load
applied, the estimated elastic deformation of the supporting beam is around 0.04 mm.
As considerable deformations of the specimen are expected, the end supports between the supporting I-beam
and the wooden specimen must have a hinged connection to allow rotations. Such a system was fabricated
using steel plates connected with a bolt hinge seen in the fabrication drawings. Ideally one support should be
on rollers to allow for unrestricted movement along the supporting beam. Due to complications with the
fabrication and time limitations this was omitted. Instead, in an attempt to allow for some motion, the surface
friction between the end supports and wooden specimen was reduced by smoothing out the contacting
surface. The results of this are unknown and therefore it can not be stated that the setup has a truly simply
supported beam. This may cause errors in the outcome of the experiment.
The loading of the wooden specimen was done with weights to ensure constant loading throughout the
experiment. Lead weights where suspended from the top of the wooden beam with a steel support system as
seen in the fabrication drawings in appendix B. If the weights don’t act dead center on the wooden beam
they can produce a torque as well as local moment in the beam, depending on which axis the imbalance acts.
This can give erroneous results as we expect the load to act as a point load straight down. To ensure this a
ball hinge was placed between the supporting plate resting on the beam and the suspension plate carrying
the weights. The dimensioning and positioning of loads as well as size of load distribution plates and end
supports were in accordance with EN 408 [2].
To measure the deformations, two linear extensiometers where placed on either side of the beam. A stiff
plexiglass plate was attached to the top of the wood beam to transfer the displacement into the extensiome-
ters. It is important that this plexiglass plate or whatever system is used is rigid and maintains its shape
stability with the variations in humidity throughout the test so the deformation measurements are not effected.
As it turned out this measurement location had some unforeseen issues associated with free shrinkage which
are addressed in section 5.1.
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Figure 4.5: 3D drawing of four point bending test physical setup
Figure 4.6: Photo of setup inside climate chamber ready for testing
4.3.4 Climate chamber bending test
Two tests where done with this setup. One with varying environmental conditions to produce MCC within
the loaded beam to study its deformation with time. The other with stable environmental conditions to study
the long term deformations due to creep. For both tests a reference beam was placed in the climate cabin,
hung from a force transducer to record its weight over the experiment. The details of this part are explained
in a previous section (section 3.6.2).
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Both experiments had the same loading applied. Their values are shown in table 4.3.
Table 4.3: Mass of weights used for experiment and resulting force
Item Left side Right side
Large lead weight 24,970 g 24,970 g
Small lead weight 10,024.6 g 10,004.7 g
Weight suspension assembly 1927.43 g 1927.95 g
Total weight on beam 36.922 kg 36.903 kg
Total force F on beam 362 N 362 N
As the specimen are made from wood, even though they come from the same timber board, they are not
identical and considerable variations in properties from literature values are a common case. Therefore the
modulus of elasticity for each beam is calculated based on elastic deformations, dimensions and loading.
The deformations of the beam at mid span umid is derived from the case of the simply supported beam with
a single load that is offset from center found in [18]. The result is:
umid =
F · a
24 · EI
(
3 · L2 − 4 · a2
)
(4.9)
• a = L− Li2
• I = Wb ·H
3
b
12
Rearraning this equation gives us an expression for the modulus of elasticiy E when we know the load and
the resulting deformations:
E = F · a24 · umid · I
(
3 · L2 − 4 · a2
)
(4.10)
Maximum bending stresses in the beam from the four point flexural test are obtained by:
σmax =
3 · F (L− Li)
Wb ·H2b
(4.11)
Varying climate bending test conditions (S1)
The first experiment conducted with this setup ran for 22 days with a cyclical varying environmental
conditions, having a cycle time of 6 days. The experiment was prematurely halted as a water filter clogged
up causing a compressor inside the chamber to build up heat until the chamber shut off. This is evident on
the environmental condition time history seen in figure 4.7 where the temperature rises after the failure on
the 24th of July..
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Figure 4.7: RH and temperature time histories of the varying climate experiment
Stable climate bending test conditions (S3)
The second ecperiment ran for a total of 14 days. The logged environmental condition time history are
shown in figure 4.8. It ran without failure but was halted in order to complete this project on time.
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Figure 4.8: RH and T time histories of the stable climate experiment
4.3.5 Results of the climate chamber experiments
Varying climate bending test
The results of the varying climate bending test are listed in table 4.4 and figure 4.9.
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Table 4.4: Four point flexural test properties (S1)
Property Symbol Value Unit
Elastic deformation ue,mid 5.6 [mm]
Elastic modulus E 10.3 [GPa]
Maximum bending stress σMax 14.0 [MPa]
Percentage of maximum σe,Max/fm,k 58 [%]
It is seen that the deformations of the center of the beam (S1) approximately doubled in size compared to the
elastic deformation. The weight of the reference beam (S2) varies as its MC changes through adsorption and
desorption.
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Figure 4.9: Results from measuring devices, deformations and mass time histories
Stable climate bending test
The results of the stable climate bending test are listed in table 4.5 and figure 4.10.
Table 4.5: Four point flexural test properties (S3)
Property Symbol Value Unit
Elastic deformation uE,mid 5.0 [mm]
Elastic modulus E 11.6 [GPa]
Maximum bending stress σMax 13.9 [MPa]
Percentage of maximum σe,Max/fm,k 58 [%]
The stiffness of beam S3 is slightly higher than beam S1 resulting in lower elastic deformations.
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Figure 4.10: Results from measuring devices, deformations and mass time histories
As would be expected the weight of the reference beam S4 is stable throughout the experiment as there is no
MCC in the beam. Over the course of 14 days the deformation increases by around 0.3 mm. This increase
should only be due to creep deformations.
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4.4 Modelling four point bending experiment
In order to compare the experimental results to the combined moisture transport and mechanical model, the
experiments are simulated with the same parameters of the experiment and results are compared.
4.4.1 Stable environmental conditions
Dimensions of the beam are the same as the ones measured in the experiment and are shown in table 4.2.
Time properties of the model are shown in table 4.6. Since this case has stable environmental conditions,
there was no need to run the moisture transport model.
Table 4.6: Time properties of the model (S3)
Property Symbol Value Unit
Mechanical model time step ∆t 1 [day]
Total time of model − 15 [days]
The mechanical properties of the model are shown in table 4.7.
Table 4.7: Mechanical properties for modelling (S3)
Property Symbol Value Unit
Elastic modulus E 11.6 [GPa]
Longitudinal shrinkage coefficient αw 0.007 [−]
Mechano sorption ml 0.1× 10−9 [1/Pa]
Creep time constants τ1, τ2, τ3 1, 10, 100 [hours]
Relative creep constants φ1, φ2, φ3 0, 0.005, 0.04 [-]
Results
A deformation plot of the whole beam are shown in figure C.1 in appendix C. The figure also shows that the
beam was modelled using four elements and five nodes. A shear and moment diagram are also found in the
same appendix.
The stresses in the cross section at mid span are shown in figure 4.11. The hand calculations estimated a
maximum bending stress of 13.9 MPa. This is in agreement with the results from the model shown in figure
4.11. The stress distribution is linear over the cross section known as Navier stress distribution.
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Figure 4.11: Stresses in the cross section at mid span
The deformation at mid span of the beam from the model is compared to the experimental results shown in
figure 4.12. They are in good agreement but that is because the parameters of the creep model where adjusted
until the model fitted the experimental results. These parameters are only valid for a material with similar
creep characteristics, at the same temperature and same RH. The comparison between elastic deformations
of experiment and model are shown to fit well together also.
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Figure 4.12: Comparison between experimental and model deformations at mid span of beam S3
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4.4.2 Varying environmental conditions
Dimensions of the beam are the same as the ones measured in the experiment and are seen in table 4.1.
Time properties of the model are shown in table 4.8. In this case full use was made of the moisture transport
model for analysis.
Table 4.8: Time properties of the model (S1)
Property Symbol Value Unit
Environmental data time step − 1 [min]
Moisture transport model time step ∆tw 1 [hour]
Mechanical model time step ∆t 1 [hour]
Total time of model − 22 [days]
The mechanical properties of the model are shown in table 4.9. It has the same properties as the previous
model (S3) except for the modulus of elasticity.
Table 4.9: Mechanical properties for modelling (S1)
Property Symbol Value Unit
Elastic modulus E 10.3 [GPa]
Longitudinal shrinkage coefficient α 0.007 [−]
Mechano sorption ml 0.1× 10−9 [1/Pa]
Creep time constants τ1, τ2, τ3 1, 10, 100 [h]
Relative creep constants φ1, φ2, φ3 0, 0.005, 0.04 [-]
A dense mesh was used to model the MC time history. The cross section was represented by a total of 308
elements and 345 nodes.
Results
A deformation plot (figure C.4) along with a shear and moment diagram are seen in appendix C.
The stress distribution in the cross section at mid span of the beam is shown in figure 4.13. It now deviated
considerably from the Navier distribution seen in the stable environmental condition analysis. The change in
MC over time reduces the initial stresses at the edges of the beam.
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Figure 4.13: Stresses in the cross section at mid span at end of analysis
A comparison between the previously obtained experimental values and the WoodFEM model values for
the deformation of the beam at mid span are shown in figure 4.14. The overall deformation with time is
similar in magnitude but the general shape between cyclical steps is fundamentally different. The reason is
discussed later in section 5.1.
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Figure 4.14: Comparison between experimental and model deformations at mid span of beam S1
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4.5 SVV Bridge
Now that the model has been verified, to some degree, it is time to apply it to a real life structure. The
structure chosen is a bridge project currently in the bidding phase as a part of a big project by Statens
Vegvesen to renovate E134. Norconsult is the designer of the structure and the following analysis is based
on the construction drawings (shown in appendix D) and a structural report [8].
4.5.1 Majorplassen bridge E134
Majorplassen bridge is a wooden truss bridge that will serve as an overpass to the new E134 between the
towns Drammen and Kongsberg in the state of Buskerud, Norway. The truss and deck are made of glulam,
foundations made of concrete and steel is used for the girders under the deck and the out of plane truss
stiffeners. A 3D model of the bridge made by Norconsult is shown in figures 4.15 and 4.16.
Figure 4.15: 3D model view: Majorplassen bridge and surroundings
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Figure 4.16: 3D model view: Majorplassen bridge and surroundings
4.5.2 Modelling
The above structure is modelled with regards to characteristic loads with long term effects in mind. Only
dead loads of the deck are considered. The dead load of the truss structure as well as traffic and wind loads
are omitted. The aim of the analysis is to study the long term effects on the truss structure.
Loading
The dead load acting on the bridge truss structure is mainly comprised of the weight of the deck it carries
and its components. The dead weight of the truss itself also plays a part but here it is disregarded. The main
line loads acting on the truss are shown in table 4.10.
Table 4.10: Line loading of the deck and its components
Component Line load [kN/m]
Asphalt 8.75
Glulam 7.56
Railing 1.35
The span of deck that each support point of the truss has to hold can be seen in the appendix D. The resulting
dead load forces the truss is subjected to throughout its service life are shown in table 4.11.
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Table 4.11: Dead load force components on truss structure (from left to right)
Component load [kN]
F1 732
F2 991
F3 991
F4 991
F5 732
Note that these loads are characteristic dead loads.
The truss structure
The static model for the WoodFEM analysis is seen in figure 4.17 dislaying all nodes, beams, boundary
conditions, load placements and hinges. The boundary condition at the middle of the truss is there since the
deck is fixed to the truss through steel girders, effectively limiting deformations along the x axis since the
deck is fixed along that axis.
500x640 mm
400x480 mm
44.5 m
≈
10
m
F1
F2 F3 F4
F5
Figure 4.17: Static model of bridge truss structure
The beam type specified in [8] is a glulam composite beam with a bending strength of 30 MPa. There are
a few options for building up a glulam beam to meet these specifications. The one used in this analysis is
depicted in figures 4.18 and 4.19 showing the lamella structure and the different stiffness grades over the
cross section. This design is in accordance with the standard for glulam structures [1].
The WoodFEM element model (shown in figure 4.20) shows all elements and nodes along with the element
numbering scheme. Numerical results of the analysis are later presented on an element basis.
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Figure 4.20: WoodFEM MATLAB model with element numbering
Table 4.12: Time properties of the truss model
Property Symbol Value Unit
Environmental data time step − 1 [day]
Moisture transport model time step ∆tw 5 [days]
Mechanical model time step ∆t 1/12 [year]
Total time of model − 50 [years]
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Table 4.13: Mechanical properties for modelling the truss
Property Symbol Value Unit
Longitudinal shrinkage coefficient αw 0.007 [−]
Mechano sorption ml 0.1× 10−9 [1/Pa]
Creep time constants τ1, τ2, τ3 1, 10, 100 [hours]
Relative creep constants φ1, φ2, φ3 0, 0.005, 0.04 [-]
The environmental conditions for the analysis is based on observed meteorological data from a weather
station in the town of Drammen, see in figure 4.21. This data is repeated 50 times to form a 50 year
environmental condition history for the analysis.
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Figure 4.21: RH and temperature history from Drammen, Norway in 2013 [5]
The deck
The deck is a transversely prestressed glulam deck spanning 55 meters. It is made of 119x400 mm glulam
beams with a 100 mm asphalt layer on top. The width of the deck is ≈ 7 m.
It is stated in its structural report [8] that the deck shall be constructed without expansion joints where the
deck meets the abutment so that the braking forces can be transfered into them. A deck of this length will
however expand/contract with a MCC of 4% by ≈ 22 cm, assuming a longitudinal free shrinkage coefficient
of 0.007. This must be accounted for in the design.
To study the effect this has, the deck is modelled in WoodFEM using the same parameters and environmental
conditions as the truss except for a constant modulus of elasticity of 11 GPa. The deck is modelled as a
continuous beam with fixed BC at both ends limiting vertical and horizontal translational displacements
shown in figure 4.22.
No external loading is applied so the internal reactions from this analysis is solely due to MCC.
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55 m
Figure 4.22: Static model of bridge deck structure
4.5.3 Results of bridge analysis
The MC time history for both beams (figure 4.23) shows how the beams gradually gain moisture over the
first 10-20 years and then reach a steady cyclical annual MC state. The changes happen noticeably faster
for the smaller cross section. The MC values plotted here are average MC values over the whole cross section.
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Figure 4.23: Avarage MC time history for both cross sections
Table 4.14 shows the numerical results of the analysis for section forces and deformations at the beginning
and after 50 years. They are differentiated between one another with a blue color for the initial values and a
red color for the final values. This color scheme is kept for all following results in the section. These results
are the absolute maximum values in each element.
Deformations of the complete structure are shown in figure 4.24 for initial deformations (t=0) and final
deformations (t=50 years). The deformations at center span are more then doubled after 50 years of creep
and MCC with constant loading.
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Table 4.14: Absolute maximum forces/displacements per element at beginning and end of analysis
Element No Normal force Shear Moment Def. x-axis Def. y-axis
[kN] [kN] [kN/m] [mm] [mm]
t=0 t=50 t=0 t=50 t=0 t=50 t=0 t=50 t=0 t=50
1 -3875 -2982 -9 -5 -38 -22 1 5 -5 -8
2 -937 -878 -4 -2 33 16 -3 -8 -44 -95
3 753 346 3 2 33 16 -3 -8 -59 -128
4 656 247 -3 -1 28 12 2 7 -59 -128
5 -1059 -1003 3 1 28 12 2 7 -42 -89
6 2099 1485 -0 0 0 -0 -11 -18 -42 -89
7 -2233 -1669 -3 -2 -24 -12 10 15 -22 -44
8 -2790 -1999 0 0 -0 -0 10 15 -51 -108
9 -3547 -2544 0 -0 0 -0 -5 -11 -51 -108
10 -2767 -1976 -0 -0 0 0 -11 -18 -50 -105
11 -2273 -1732 5 3 -38 -22 -11 -18 -20 -36
12 -14 41 0 0 -0 0 1 -5 1 1
13 19 -158 0 -0 -0 -0 1 -7 -5 -6
14 -13 35 0 0 -0 -0 10 15 -22 -44
15 52 110 0 0 -0 -0 -3 1 1 3
16 -72 -255 -0 -0 0 0 -3 5 -5 -8
17 49 100 -0 -0 -0 -0 -11 -18 -20 -36
18 -3776 -2879 6 3 -24 -12 -1 -7 -5 -6
19 2079 1465 -0 -0 0 0 10 15 -44 -95
20 -464 -365 0 0 -0 0 4 -8 -51 -108
21 769 516 -0 -0 0 0 4 7 -59 -128
22 786 533 0 0 -0 -0 -5 -11 -59 -128
23 -482 -385 -0 0 0 0 -5 -11 -50 -105
Figure 4.24: Deformation of truss structure [Initial structure(—) , t=0(– –), t=50 years(– –)]
Greatest normal force is found in element 1 and 18 for compression and 19 and 6 for tension, figure 4.25.
Bracers at the ends seem relatively unloaded (elements 12-17). A noticable relexation of normal force with
time is observed.
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Normal force
Figure 4.25: Normal force diagrams [t=0(—), t=50 years(—)]
Shear Force
Figure 4.26: Shear force diagrams [t=0(—), t=50 years(—)]
Moment (and shear) develops at the unhinged locations as is suspected. The moment force in the structure
has decreased by almost 40 % after 50 years time.
Moment
Figure 4.27: Moment diagrams [t=0(—), t=50 years(—)]
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Cross section stress distribution at location of maximum moment is shown in figure 4.28. A combined
compression from normal force as well as bending is observed. The stress distribution is wildly different
from the common Navier stress distribution.
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Figure 4.28: Cross-section stress distribution between elements 2 and 3 at different times
The cross section stress distribution for element 18 is shown in figure 4.29. This is the member that
experiences the highest compression stresses from the deal load. There is an increase with time in stresses in
the middle of the beam but a relaxation of stresses by the edges resulting in an overall reduction in normal
force.
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Figure 4.29: Cross-section stress distribution in element 18 at different times
Overall beneficial influence of MC time history to internal forces are demonstrated as well as significant
adverse effects on long term deformation.
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Results of deck analysis
The resulting normal force internal reactions in the deck from MCC is shown in figure 4.30. As previously
mentioned there are no external loads so this compressive force in only due to the longitudinal expansion as
the beam gains MC. Initially the structure is stress free. After the first time step of 1 month the compression
in the deck is 1020 kN. At the end of the analysis after 50 years the compressive force in the deck is around
6800 kN which is equivalent to around 692 tons acting on the deck.
Normal force
Figure 4.30: Normal force diagrams [t=1 month(—), t=50 years(—)]
The stress distribution over the cross section for different times is shown in figure 4.31. The stress is relatively
low compared to the large normal force because the area of the deck is large.
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Figure 4.31: Cross-section stress distribution at center of deck at different times
CHAPTER 5
Conclusion
5.1 Discussion
In this section the main results are interpreted and discussed relation to the theme of the research. Relevant
figures are portrayed again for ease of reading.
5.1.1 Moisture transport
A diffusion coefficient model for moisture transport was implemented and experimentally verified for 3
different cases, namely tangential, radial and radial with a glue layer in the middle. The results of the
experiment show a drop in the diffusion coefficient for specimen with a glue layer. The difference is more
pronounced at the "wet" conditions with higher MC, possibly because there bound water transport plays a
greater role in the overall moisture transport. The difference is not very big but this is only due to a single
glue layer whereas glulam beams usually have multiple glue layers which would exaggerate this effect.
There may be a reason to account for this in the modelling of some cases but bear in mind that the glue lines
only limit diffusion along one axis of a cross section.
As mentioned before the diffusion coefficient model makes no distinction between tangential and radial
diffusion in wood but groups them both together as transverse diffusion. The experiment clearly shows that
there is however a noticeable difference (≈ 23 %) between them for the "wet" conditions. This may be
attributed to the fact that the tangential specimen came from a different board of wood then the radial ones.
Further studies are needed to assess if these two orthotropic material direction should be treated separately
as far as diffusion coefficients go.
There is pretty good conformity between the experimental values and the theoretical ones when looking at the
overall results. For the "wet" specimen series the theoretical model seems to underestimate the coefficients
slightly though.
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Figure 5.1: Averaged experimental specimen series results in comparison to the theoretical transverse
diffusion coefficient model
The FEM implementation of moisture transport was first put to the test against a transient analytical solution
for the governing equation (3.12). With a relatively dense mesh and a small time step ∆tw the model showed
excellent conformity to the analytical solution. However an estimation of what can be considered as a "good
enough" mesh density and time step size is missing. Such an estimation could be implemented by limiting
the MCC that any node (besides the BC) experiences in a single time step. The high values of moisture flux
associated with this demands a dense mesh and a short time step. This is left out as future work.
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Figure 5.2: Comparison of 2D MC values at various times between an analytical (- -) and FEM (•) solution.
The above mentioned comparison, although being transient, has fixed boundary conditions and can not
verify that the model is able to handle variations in BC that a real life structure might experience. To test
all aspects of the model a beam was exposed to large changes in MC over a period of 22 days. This test
captures almost all aspects that the model is meant to handle, except liquid water sorption due to rain and
temperature variations.
This experiment however had some issues. The author was unaware of the fast blowing gust inside the
climate chamber when it runs. This resulted in increased inaccuracies in the mass measurements of the beam
as oscillations and twisting of the setup affected the force transducer measurement device. To compensate
for this the beam was removed on several occasions to measure its mass to a high degree of accuracy.
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The moisture transport model comparison to the MC variations measured in the beam showed good confor-
mity. Some drift from the experimental values seems to form as the analysis progresses, but it is hard to tell
for sure because of the inaccuracies of the mass time history. Further studies are needed and if found to be a
problem, it can most likely be attributed to the sorption hysteresis effect. Another room for improvement
could be a full phase separation moisture transport model where each water phase is treated separately. For
modelling MC variations above the FSP this approach is recommended.
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Figure 5.3: Comparison between experimental results and FEM model
5.1.2 Moisture induced deformations
The most time consuming part of this project, involving moisture induced deformation, was the design,
construction and application of the four point bending test setup. The setup performed well but as always in
retrospect, there is still room for improvement. To deal with both the problem of the mass measurements
and the lack of a sliding support on one end, the author recommends that the supports be redesigned to
incorporate a force transducer in each one. Furthermore a system to accurately and reliably measure the
deformation of the beam at the center of the height of the cross section is needed. The reasons for this are
discussed below in relation to another problem encountered.
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Figure 5.4: 3D drawing of four point bending test physical setup
The deformation comparison between experiment and model for the cyclical environmental conditions
was seen to be good when compared to the magnitude of deformations with time. There was however a
fundamental difference in the deformation behaviour for adsorption and desorption. This difference lies
in an oversight on the authors part in the measurement of the beam deflection. When measuring at the
top of the beam, all the transverse free shrinkage deformations of the cross section will be included in
the measurement. Decreasing the vertical deformation in adsorption when the cross section expands and
increasing it in desorption when the cross section contracts. The correct deformation of the experimenta data
therefore lies somewhere between the "waves" seen in the results. To cancel out this effect the deformation
measurements should have been taken at the center of the height of the beam instead of its top.
As far as the model results go they show a sharp increase in deformations as the initial adsorption cycle
begins. This effect must come from either the mechano sorption or the free shrinkage part of the model. This
can most likely be explained by the overall free shrinkage expansion of the beam cross section.
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Figure 5.5: Comparison between experimental and model deformations at mid span of beam S1
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Additionally an attempt was made to isolate the creep behaviour of the material and model with a single
stable envirounmental condition experiment under constant loading. These results are in excellent conformity
with each other but for good reasons. This is nothing but parameter fitting of data to obtain the experimental
shape within the model, and as such it is effective and models the creep behaviour well. But for any other
environmental conditions, these parameters will be inaccurate.
Note that this experiment is unaffected by the free shrinkage measurement problem from the previous result
since there is no MCC.
This model has the drawback that it doesn’t account for non-isothermal conditions and varying RH as the
coefficients are defined for constant environmental conditions. The creep behaviour of wood differs however
greatly with varying environmental conditions.
Thermo-rheologically simple materials (TRS), such as wood , have an elegant solution to deal with different
temperature conditions. On a logarithmic time scale, the creep functions maintain their shape but merely
shift in time as a result of different temperatures. By the use of time shift functions, such as the Arrhenius
or WLF type, non-isothermal conditions can be accounted for with a simple shift in the logarithmic time scale.
Perhaps such an approach might be utilised to account for both temperature and RH variations, assuming
that wood does indeed behave like a TRS material. The success of this depends on if the creep function
maintains it shape in the logarithmic time domain with varying MC. After some literature review the author
has not seen this method used, but that by no means implies that it is a fact. The review of the creep model
and feasibility of implementing time shift functions is suggested as future work.
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Figure 5.6: Comparison between experimental and model deformations at mid span of beam S3
After these experimental verifications the combined WoodFEM model was applied to a real life structure.
The structure chosen is a wooden truss overpass bridge structure scheduled to begin construction in the
coming months.
The main focus was the truss structure and its long term behaviour with 50 years of environmental loading
and dead load. The deformations at center span where found to double in value, showing that this type of
analysis can be essential for SLS design.
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The stresses however all seem to "relax" with time which was a surprising result. This is because in the
formulation of the stress rate in equation (4.3), the free-shrinkage, mechano-sorptive and creep strain rate all
have negative terms.
Figure 5.7: Deformation of truss structure [Initial structure(—) , t=0(– –), t=50 years(– –)]
A problem with the bridge deck configuration was spotted as the bridge has no expansion joints on either
side of the deck so that braking forces are conveniently transferred into the abutment. But since wood is
hygroscopic this will produce problems. An estimated 22 cm expansion will occur due to MCC.
The bridge deck structure modelled showed huge compression force building up as the deck expands
with increased moisture. In reality the abutment will probably not act with such infinite rigidity as the
supports assume in the model so some of these forces would be released. It however shows the importance
of considering moisture related forces and effect on structures, especially those that are designed to be
constrained along its length.
5.2 Conclusion
The advancement in structural design of wooden structures is becoming ever more important as focus turns
to sustainability and "green" constructions. Amongst those advancements, the effects of moisture content on
wooden structure is a key topic.
A combined (WoodFEM) model of moisture transport below the FSP and mechanical behaviour for a 2D
beam element has been demonstrated, and analytically and experimentally verified to some degree. The
result of which is a tool which shows great promise in practical design of long term behaviour of wood.
The effects of moisture content change should be accounted for in wood design but this matter is presently
not being dealt with. This research shows that structures can experience adverse effects as far as deformations
go due to MCC over time. But they can also benefit from MCC through relaxation of stresses. In some cases,
having fixed boundary conditions play a key role in the forces developed with time due to MCC.
Wood design should strive to develop moisture related solutions in order to efficiently, safely and economi-
cally design the wood structures of tomorrow.
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5.3 Future work
Even though the combined model is at a stage where it can be applied to practical cases, there is much work
and room for improvements. This section details the authors opinions on the matter.
FEM platform
The program platform that the model will be developed upon in the future should be decided upon. Each
choice has some advantages and drawbacks though. The choices considered here are:
• MATLAB
– The currently used platform and a first choice of many researchers. Has the advantage of being
easy to use and familiar to many in the academic environment. Is however costly to operate and
impractical as a usable programming package by many outside general research.
• Python
– A free program language similar to MATLAB in structure and widely used throughout the world.
This would however require a lot of work to implement the work already in MATLAB code into
python.
• ABAQUS
– A powerful FEM software solution that allows some degree of user modification to the underlying
subroutines. Can by called by Python scripts and the union of those two platforms has many
advantages. Is however expensive to run and considered as user-unfriendly by some (author
excluded). Would require a independent MATLAB or Python model to verify results from
ABAQUS in the verification phase.
Moisture transport modelling
On the subject of moisture transport modelling the most pressing topic at this point is an experimental one.
Realistic tests of MC variations of wooden beams of structural size should be performed in the outside
environment, closely monitored by measuring devices in a long term test. Or alternatively find such data in
the literature if it exists. This would allow to further scrutinize the models capabilities to accurately simulate
MC variation with time.
If errors are found focus should be put on modelling sorption hysteresis and implementing a phase separation
model.
In the current model there is probably room for improvement in the computational costs of the model by
optimizing the non-linear iteration scheme. A modified Newton-Rhapson scheme might be well suited if
convergence is not effected.
Mechanical modelling
In the mechanical modelling department there is a wide range of selection for possible improvement.
A 3D beam element should be implemented with all 3 orthotropic material directions, taking into account
annual rings and spiral grain of the beam element. This element could allow for homogeneous torsion
deformations and lateral torsional buckling as well as bi-moment deformations related to inhomogeneous
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torsion.
As wood has relatively low shear stiffness, and for some wooden cross sections, shear flexibility may become
a relevant factor. A shear flexible element using Timoshenko beam theory could be implemented and its
necessity studied.
2D and 3D solid elements might be required in order to properly model connection joints in wooden struc-
tures. The mechanical model and moisture transport model would need to be updated to handle this.
A beam element formulation that can calculate tapered beams would be useful in many cases. And along
those lines a beam element capable of calculating curved structures would also be of great value.
Presently many of the material parameters of wood are considered as time independent in the model. This is
a large simplification that needs to be corrected.
As far as the creep model goes, the incorporation of temperature shift functions and the study of their appli-
cability as an approach to account for changes in viscoelastic behaviour with varying MC and temperature,
should be studied. Or at least compared to previous work if it exists.
Experimental work
As more aspects are implemented, more aspects need to be experimentally verified. The numerous optiones
will not be listed here but the author recommends a redesign of the 4 point bending test as previously
mentioned for its continued use with the climate chamber at DTU.
Eurocode study
A comparison study between design practice, with emphasise on the Eurocodes, and the findings of the
moisture model. Such a study could be built up as a case study of several structure, ranging from simple
statically determinate beams to complex structures, which would be analysed based on Eourocode methods
and compared to results from a moisture analysis.
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Appendix Cups experiment
Conditions within the climate chamber
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Figure A.1: Relative humidity time history within the climate chamber
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Figure A.2: Temperature time history within the climate chamber
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Results from individual cups
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Figure A.3: Mass time history and mass change rate plot for specimen 1
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Figure A.4: Mass time history and mass change rate plot for specimen 2
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Figure A.5: Mass time history and mass change rate plot for specimen 3
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Figure A.6: Mass time history and mass change rate plot for specimen 4
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Figure A.7: Mass time history and mass change rate plot for specimen 5
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Figure A.8: Mass time history and mass change rate plot for specimen 6
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Figure A.9: Mass time history and mass change rate plot for specimen 7
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Figure A.10: Mass time history and mass change rate plot for specimen 8
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Figure A.11: Mass time history and mass change rate plot for specimen 9
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Figure A.12: Mass time history and mass change rate plot for specimen 10
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Figure A.13: Mass time history and mass change rate plot for specimen 11
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Figure A.14: Mass time history and mass change rate plot for specimen 12
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Figure A.15: Mass time history and mass change rate plot for specimen 13
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Figure A.16: Mass time history and mass change rate plot for specimen 14
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Figure A.17: Mass time history and mass change rate plot for specimen 15
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Figure A.18: Mass time history and mass change rate plot for specimen 16
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Figure A.19: Mass time history and mass change rate plot for specimen 17
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Figure A.20: Mass time history and mass change rate plot for specimen 18
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Mass change trends within each specimen series
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Figure A.21: Comparison of mass/time history within specimen series 1
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Figure A.22: Comparison of mass/time history within specimen series 2
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Figure A.23: Comparison of mass/time history within specimen series 3
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Figure A.24: Comparison of mass/time history within specimen series 4
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Figure A.25: Comparison of mass/time history within specimen series 5
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Figure A.26: Comparison of mass/time history within specimen series 6
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Fabrication drawings of 4 point bending test setup
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Fabrication drawings of 4 point bending test setup
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Fabrication drawings of 4 point bending test setup
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Fabrication drawings of 4 point bending test setup
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Fabrication drawings of 4 point bending test setup
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Fabrication drawings of 4 point bending test setup
Cl
im
at
e 
Ca
bi
n 
as
se
m
bl
y
Cl
im
at
eC
ab
in
-1
4 
po
in
t 
fle
xu
re
 t
es
t 
se
tu
p
?
sk
ar
 V
. G
?
sl
as
on
11
56
3
+
45
 5
17
80
59
3
20
.5
.2
01
4
4
D
es
ig
ne
d 
by
Pr
oj
ec
t 
N
o:
M
ob
ile
D
at
e
7 
/ 
7 
Ed
iti
on
Sh
ee
t
D
at
e
80
,0
0
72
,0
0
R4
,0
0
R8
,0
0 4
,0
0
?4
,0
0
Al
l h
ol
es
 w
ith
 t
hr
ea
ds
 (
ge
vi
nd
)
0,
00
5,
50
34
,3
0
40
,0
0
0,00
8,00
38,00
68,00
76,52
149,57
158,10
188,10
218,10
226,10
40,00
22
6,
10
102 APPENDIX B. APPENDIX CLIMATE CHAMBER EXPERIEMENT
Fabrication drawings of 4 point bending test setup
APPENDIX C
Appendix Modelling of 4 point bending
experiment
Stable environmental conditions results
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Figure C.1: Deformation of the beam (S3) at the end of analysis
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Figure C.2: Shear diagram, beam S3
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Figure C.3: Moment diagram, beam S3
Variable environmental conditions results
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Figure C.4: Deformation of the beam (S1) at the end of analysis
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Figure C.5: Shear diagram, beam S1
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Figure C.6: Moment diagram, beam S1
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Construction drawings of Majorplassen bridge
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Construction drawings of Majorplassen bridge
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110 APPENDIX D. APPENDIX SVV BRIDGE
Construction drawings of Majorplassen bridge
